INTRODUCTION
A prototype test system for the nondestructive measurement of residual stress measurement railroad wheels has been evaluated, and the results compared to destructive rim force measurements. The test system employs the magneto acoustic method of stress measurement, and represents the transition of this approach from a laboratory technique to an industrial tool.
Both the development of this system and the refinement of the test methodology have been well documented [1] [2] [3] [4] . Therefore, this paper will present only a brief review of the pertinent physical theory and mechanical considerations involved in testing railroad wheels. Emphasis will be placed on determining the degree of corroboration with destructive referee measurements, and assessing factors which apparently limit this correlation.
MAGNETOACOUSTIC TEST THEORY AND IMPLEMENTATION
The magneto acoustic test method exploits the stress dependency of magnetic domain structure and the effect of domain walls on ultrasonic wave velocity. The domains in a ferromagnetic material will respond to applied stress by allowing for the growth of favorably oriented domains at the expense of others. During this selective growth process the boundaries, or walls, between the domains will alter their surface area in a manner unique to the sign and magnitude of the applied stress. Applied tensile stresses will favor the growth of domains oriented parallel to the stress axis, while applied compressive stresses will cause domains oriented perpendicular to the stress axis to grow.
Similarly, a ferromagnetic sample will undergo domain restructuring of this sort when an external magnetic field is applied to the material. In this instance, domains oriented parallel to the direction of the applied field will grow at the expense of less favorably oriented domains. The effects on domain structure for both stress and applied magnetic fields are shown schematically in Figure 1 .
The velocity of an ultrasonic wave propagating through a sample will be effected passing through the domain walls that act as boundaries between nonparallel adjacent domains. The greater the number of such 90° domain walls through which the wave passes, the greater the loss in velocity.
If a sample under a particular static stress is then subjected to a magnetic field, the domain wall structure will be altered by the applied field in a unique fashion. This will cause a velocity shift in an ultrasonic signal propagated through the sample that is characteristic to that stress state.
In practice, the above effects may best be observed by applying the stress and the external field parallel to one another, and propagating ultrasonic waves perpendicular to both. This is readily performed in the laboratory, and a schematic of the test arrangement is shown in Figure 2 . Figure 3 shows the family of curves obtained when this test configuration was applied to a sample machined from the rim of a railroad wheel.
DIFFICULTIES IN COMPONENT TESTING
In the testing of full railroad wheels, certain of the optimum laboratory conditions could not be met. The difficulties encountered in bridging the gap between a laboratory application and a tool for analyzing components centered on aspects of inhomogeneous magnetic field and stress distributions, and limitations in achieving realistic referee values from destructive testing.
Magnetic Field Distribution
The geometry of railroad wheel rims are complex and subject to varying degrees of wear in service. Therefore, an electromagnet that consistently induced homogeneous magnetic induction across the rim area of all wheels was not obtainable. Instead, a prototype magnet was designed on basic approximations that considered the amount of material in a rim, limitations in available power supplies, and a need for some degree of portability.
The prototype magnet was built prior to the authors' acquiring the in-house capability to perform finite element analysis of the design for projected magnetic field distribution. An analysis was performed, however, through private contract with a firm specializing in such modeling [5] . The results, shown in Figure 4 , indicated that the field distribution varied in a near linear fashion across the wheel rim. It was evident that this magnet design caused maximum values of induction to occur near the front rim face of the wheel. Although this was viewed as a potential drawback to achieving full test potential, several wheels were systematically examined with this configuration to provide an initial evaluation of measurement capabilities.
Residual Stress Distribution
It was also recognized that railroad wheels will not develop a uniform distribution of residual hoop stresses across the rim area, but will exhibit often pronounced stress gradients. Such stress gradients are due to variations in the service history of the particular wheel, and will reflect such factors as brake shoe position and the cumulative severity of brake applications.
Some finite element modeling predictions of the stress patterns developed in wheels subjected to various thermomechanical histories have been performed [6, 7] . Figure 5 shows the predicted stress patterns for two wheels, for the case of a brake shoe centered on the tread of a wheel. Shown are the different stress distributions for two wheel designs; a straight-plate design susceptible to pronounced stress buildup, and a curved-plate design that has become the new industry norm. The simulations had assumed an initial compressive stress state characteristic of new wheels. It is apparent that the straight-plate wheel developed higher tensile stresses over a greater percentage of rim volume than did the curved-plate wheel. The common aspect of both cases, however, is the development of tensile stresses (which are equated to "damage") towards the back of the rim regions. Therefore, it may be said that wheels become progressively more dangerous from the back of their rims first; more dangerous wheels will exhibit tensile stresses that extend closer to the front rim face.
Destructive Sawcutting Tests for Referee Measurements
Destructive measurements of the stresses in wheel rims are routinely obtained by performing sawcutting tests. In these tests, a displacement gage mounted to the flange of a wheel monitors sawcut opening (or closing) as a cut in made radially in the wheel. Computer algorithms have been developed which use this information to determine the hoop stresses that had been present in the wheel [8] . Such results are normally presented as a net force over the wheel rim area.
While a fair degree of confidence exists for this methodology, such tests can only provide information about stresses integrated over the rim cross section, and at a single point around the circumference of that wheel. While some studies have performed wherein a second cut is made diametrically opposite the first cut, there exists an obvious limitation in the number of cuts that can be made on a wheel before component hoop stresses can no longer be determined. Also, no information is conveyed regarding the stress distribution across the wheel rim. Further, the utility of such a method inherently depends on stress states being uniform around a wheel. This latter point has been an implicit assumption in much wheel research; ongoing work suggests that this might not be universally valid.
-20 Figure 5 . Residual stress distribution predicted by fInite element modeling for two wheel designs. 
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MAGNETOACOUSTIC TESTING OF FULL WHEELS
The previous section listed the various difficulties anticipated in the magnetoacoustic testing of full railroad wheels. Successes encountered in prior laboratory tests, however, warranted an initial round of full component tests to evaluate the severity of these perceived limitations. Such tests were performed at the Transportation Test Center in Pueblo, Colorado. (This facility is operated bythe Association of American Railroads for the Federal Railroad Administration.) Nine wheels were examined. This set included new wheels as well as wheels that had been subjected to dynamometer brake shoe tests, and both straight-and curved-plate wheels. The wheels were tested at several points around the perimeter of the rim; tests were performed in four positions at a minimum, and several wheels were tested in eight positions. A robust series of experiments were performed in which various frequencies and modes of the ultrasonic wave were employed. A rough evaluation of these tests based on signal-to-noise ratio and reproducibility was done in the early stages of this study [4] . Based on the results of that evaluation it was determined that the use of 5 MHz shear waves propagated through the wheel rims and polarized parallel to the hoop stress provided the best combination of desirable test characteristics.
A review of the data curves obtained on these wheels indicated that the value of the phase-locked fractional frequency shift at peak magnetization was suitable to distinguish test responses in this test. (This was also the peak value of frequency shift.) Thus, data presentation was reduced from full curves (as shown earlier) to a spread of point values, representing the maximum, minimum and average frequency shifts obtained through testing at various positions around the wheels.
The destructive sawcutting tests were performed subsequent to these nondestructive evaluations.
RESULTS
The results of the magnetoacoustic tests on the set of wheels are shown in Figure 6 . The frequency shifts at peak magnetization are plotted versus the net rim force calculated from the sawcutting test. A linear regression fitted to the average values of frequency shift for wheels that exhibited a tensile response in the sawcutting test is also plotted in Figure 6 . It has been suggested that a net rim force of 100 kilopounds represents a valid criterion for wheel removal due to dangerous stress build-up [8] . This position along the abscissa is also indicated.
Several features of these results have important implications. It was apparent that most of the wheels which exhibited a net tensile response in the sawcut test also exhibited a much wider range of frequency shifts at various positions around these wheels. This suggests that the accumulation of tensile stresses may not occur in a uniform manner around a wheel as it undergoes thermomechanical damage. As stated previously, the sawcut test can provide data at only a single point on the rim circumference. Wheels which exhibited a net rim force in excess of the projected removal criterion showed higher frequency shifts than other wheels. This behavior may be characteristic of a limitation in the ability of the current magneto acoustic test configuration to quantitatively assess stress levels in all wheels.
DISCUSSION
For the current test configuration, it would appear that some threshold level of net rim force must be present in a wheel to allow for unique characterization of the stress state. Only when the net tensile force in wheel rims rise above 100 kips did the frequency shift monitored in this test begin to show change. The test method was unable to differentiate between wheels having a rim force below that level.
The apparent shortcomings of the test may be seen as the combined effects of the magnetic field and stress distributions that occur in wheels. Finite element modeling has shown that the design of the electromagnet in the current test configuration induces a non-homogeneous magnetic field in the test wheels, with the larger induction values occurring near the front region of the rim. However, modeling has also shown that wheels exposed to severe service conditions will manifest damage, in the form of tensile hoop stresses, that develop primarily at the rear portion of rims. Alternate magnet designs would presumably serve to create greater discrimination capability between wheels of varying stresses. The current performance level, however, may be suitable if industry requirements can be met by detecting wheels having a net rim force of about 100 kips.
